Abstract This paper introduces a Special Issue of Hydrological Sciences Journal containing 10 research papers which present current applications of the Soil and Water Assessment Tool (SWAT) for water resources assessment. First, an overview of selected, recently published papers with application of SWAT is given. The papers address the following topics: nutrients and related best management practices (BMPs); sediments and related BMPs; impoundment and wetlands; irrigation; bioenergy crops; climate change impact; and land-use change impacts. Then, papers from this Special Issue are briefly described, covering the themes: surface runoff and sediments; nonpoint-source pollution; surface water and groundwater; impacts of climate and land-use change; and large-scale SWAT applications. The presented model applications of SWAT were conducted across a variety of spatial scales, physiographic regions and climatic zones. This collection of papers demonstrates that applications of SWAT for water resources assessment are growing in number and cover drainage basins in many regions worldwide.
INTRODUCTION
The Soil and Water Assessment Tool (SWAT) is an ecohydrological model (Arnold et al. 1995 (Arnold et al. , 1998 (Arnold et al. , 2012 for the river basin scale incorporating over 30 years of model development at the co-located US Department of Agriculture and Texas A&M University laboratories at Temple, Texas. The history of model development is reported in Williams et al. (2008) . SWAT development started in the early 1990s by merging SWRRB (Simulator for Water Resources in Rural Basins) and ROTO (Routing Outputs to Outlet) in order to overcome limitations of the oversimplified flood routing and restrictions on a number of subbasins in SWRRB, and to facilitate the model parameterization for larger basins with a variety of land uses and soil types. The GIS interfaces for the SWAT model have kept pace with model development, progressing from a GRASS GIS (Srinivasan and Arnold 1994) to the current ArcGIS 10.2 interface (see http://swat.tamu.edu/software/arcswat/). During this time, SWAT has undergone continuous review, testing, modification and enhancement (see Arnold et al. 1998 , Neitsch et al. 2004 , Gassman et al. 2007 .
The SWAT model belongs to the class of processbased ecohydrological river basin models, which could be defined as continuous-time dynamic models based on mathematical descriptions of physical, biogeochemical and hydrochemical processes, combining elements of both physical and semi-empirical nature. The process-based models are not fully distributed in three dimensions, but usually include a reasonable spatial disaggregation scheme, e.g. into sub-basins and hydrological response units (HRUs). Other models that belong to this class are the Hydrological Simulation Program-Fortran (HSPF; Bicknell et al. 1997) , Soil and Water Integrated Model (SWIM; Krysanova et al. 1998 Krysanova et al. , 2000 and Dynamic Watershed Simulation Model (DWSM; Borah et al. 2004) . Numerous studies reported in the literature have demonstrated that such models are able to adequately represent water flows, nutrient cycling and vegetation/crop growth at the river basin scale.
SWAT uses spatially-distributed topographic, land-use, soil and climate data as inputs. The model simulates water, sediment, nutrient, pesticide and bacteria yields at a daily time step. A modelled river basin is subdivided into sub-basins based on an elevation map. The sub-basins are further subdivided into non-contiguous HRUs, which consist of areas within the sub-basin with unique combinations of land use, soil type and slope class.
The model simulates a variety of agricultural practices (fertilizer and manure application, tillage), irrigation, wetlands, ponds, as well as buffer strips. A reservoir module accounts for the detention of water, nutrients and sediments. The river routing component routes water flows, sediments, nutrients, pesticides and bacteria along the river network. The model outputs can be provided for every sub-basin outlet, and some of them also at the HRU level.
Many versions of SWAT have been developed over the past two decades, several of which are currently available on the SWAT website, with SWAT2012 the current major version of the model being distributed (see Arnold et al. 2012 and the SWAT website: http:// swat.tamu.edu/). In addition, there are many models developed based on SWAT (see overview in Gassman et al. 2014a) , which are adapted to more specific applications, often outside the USA, including parameterization for some other components, and using different input data formats. Among them are: the SWIM model (Krysanova et al. 1998 (Krysanova et al. , 2000 , based on SWAT-93 and aiming mainly at climate and land-use change impact assessment; the SWAT-G model (Lenhart et al. 2002) based on SWAT99.2 and focused on flow prediction for low mountain ranges in Germany; the Extended SWAT model (ESWAT; Van Griensven and Bauwens 2005) with a number of adjustments for the hourly time step; the coupled watershed and groundwater model (SWAT-MODFLOW; Kim et al. 2008) ; a version of SWAT with a modified plant growth module for improved simulation of perennial vegetation in the tropics (Strauch and Volk 2013) ; a grid-based version of the SWAT landscape model for an improved spatial representation of hydrological and transport processes (Rathjens et al. 2014) ; and SWAT3S with a multi-storage groundwater concept implemented to emphasize nonlinear groundwater dynamics in lowland catchments (Pfannerstill et al. 2014 ).
The SWAT model has been applied across a range of watershed scales, climatic zones, environmental conditions and management systems worldwide, and there are numerous SWAT applications reported in the literature (see overviews in Gassman et al. 2007 , 2014a , 2014b , Krysanova and Arnold 2008 , Douglas-Mankin et al. 2010 , Tuppad et al. 2011 , Krysanova and Srinivasan 2015 . Papers described in the overviews present studies on evaluation of hydrological regime and water resources (water discharge, groundwater dynamics, soil water, snow dynamics, irrigation, impoundment and water management); water quality assessment, such as nonpoint-source pollution, sediment losses, and best management practices in agriculture (BMPs); land use and land management change; as well as climate change impact assessment.
Regardless of the specific focus of the study, practically all papers start with the results of calibration and validation using discharge and water quality data at the outlet, and sometimes also at intermediate gauges. The evaluation of model outputs on river discharge and nutrient concentrations and loads in the published SWAT papers indicates that the model performs quite well in a wide range of conditions and climatic zones. Gassman et al. (2007) summarized research based on SWAT applications (including calibration and validation) that is described in more than 250 peer-reviewed journal papers. Other summaries of reported SWAT calibration and validation statistics for hydrological Tuppad et al. (2011) and Gassman et al. (2014b) . However, in some reported cases the calibration and validation methods applied by SWAT modellers are deficient, and the results might be of uncertain quality. In many studies it is assumed that satisfactory or good model performance in terms of river discharge and nutrient loads at the river outlet is sufficient validation, and further analysis or impact assessment is valid. However, such an approach does not guarantee that internal catchment processes are simulated correctly. The necessity of a multi-site and multi-variable calibration, especially for larger watersheds, involving also other components, such as groundwater flow, evapotranspiration and crop yield, is often ignored or done only partially. In fact, several papers report implausible losses of the hydrological mass balances and unrealistic parameter values along with the good performance criteria at the outlet, including examples described in a review by Van Griensven et al. (2012) . This should be considered in future studies, and application of the multi-site and multi-variable calibration should be extended.
The model development continues, and it is known that there are some specific regions and climatic zones, where a direct application of SWAT and models from the SWAT family is problematic. Therefore, a development of new modules and enhancement of existing routines are still needed. This concerns application of SWAT in: (a) tropical regions, where parameterization of vegetation growth including evapotranspiration processes has to be adjusted; (b) river basins with a substantial share of glaciers; (c) river basins with inundation processes (e.g. in the Inner Niger Delta), which have to be parameterized; (d) catchments where SWAT adaptation for variable source hydrology conditions is needed; and (e) regions heavily influenced by human water management, where water demand is approaching water availability. Research addressing some of these challenges is ongoing, and some papers have been published recently (Watson et al. 2005 , Easton et al. 2008 , Strauch and Volk 2013 , Liersch et al. 2013 , Wortmann et al. 2014 , Winchell et al. 2015 , but there is still much work to do.
The aim of this overview is to introduce the 10 research papers published in this Special Issue of Hydrological Sciences Journal that describe different applications of the SWAT and SWIM models for water resources assessment. Most of them are based on papers that were originally presented at the 2013 SWAT conference in Toulouse, France. First, to provide the overall context, a short overview of selected, recently published papers that have used SWAT to evaluate water resources is provided in Section 2. Then, the papers published in this Special Issue are introduced in Section 3, covering the following themes: surface runoff and sediments, nonpointsource pollution, surface water and groundwater, impacts of climate and land-use change, and largescale model application. These papers describe water resources assessments for catchments and river basins with areas varying from the small scale (115 km 2 ) to large regional scale (Scandinavian and Iberian peninsulas). evident that the number of publications on all topics is growing. The topics related to assessment of sediments, nutrients, BMPs, climate change and land-use change are predominant. Some topics (e.g. bioenergy crops) are more recent. The share of publications on climate and land-use change impacts is large and growing (41% in the last 2 years). However, it should be noted that categorization of papers into primary and secondary topics is quite subjective, yet the categorization of papers and overall tallies within categories in the database are ever evolving.
WATER RESOURCES ASSESSMENT WITH SWAT: OVERVIEW OF RECENT LITERATURE
In the following subsections, we include short overviews of selected, recently-published SWAT (and a few SWIM) papers on the topics listed in Table 1 . Papers were selected with a preference to include those describing modelling studies in different regions of the world. Shen et al. (2013) applied SWAT in the Three Gorges Reservoir basin (China) to estimate nitrogen and phosphorus loads and identify causal factors. They found the paddy fields (rice) and non-irrigated cultivated areas to be the largest sources of both nutrients. The paper of White et al. (2014) describes application of SWAT and the Agricultural Policy/ Environmental eXtender (APEX; Williams et al. 2006 ) models to evaluate nutrient delivery and conservation practices in the Mississippi River basin, USA. They found that cultivated cropland in the upper portions of the basin is the largest source of nutrients, and evaluated the efficiency of conservation practices. Einheuser et al. (2012) simulated nutrient concentrations in the Saginaw River (USA) with SWAT, and linked them to indicators of stream health. The results of the study suggest that nutrient concentrations have the highest influence on stream health. This combined modelling system was used to predict the effect of various conservation practices on stream health. Cerro et al. (2014) applied SWAT to estimate daily nitrate loads in the Alegria watershed (Spain). The calibrated model was used to evaluate the long-term (50 years) effects of reduced fertilization rates on nitrate levels.
Nutrients and conservation practices analysis

Sediments and related BMPs
The paper of Strauch et al. (2013) reports on how BMPs may contribute to the sustainability of soil and water resources, based on their study in the intensively cropped Pipiripau River catchment (Brazil). It was found that structural BMPs, including terraces and impoundment structures, could be highly effective (40%) for sediment control without impacting on water yield. Poudel et al. (2013) monitored water quality in the agricultural watershed Bayou Plaquemine Brule (USA), and used SWAT to identify critical sediment and nutrient sources. Despite relatively higher observed sediment and nutrient concentrations in the upper reaches, model simulations indicate that the lower portion of the basin (dominated by rice and crawfish production) generates larger total loads. Daggupati et al. (2014) combined SWAT with a process-based ephemeral gully model, and applied this for the Goose Creek watershed (USA). They evaluated the ability of the combined model to predict the location and length of gullies digitized from aerial photography, and found that the non-calibrated model showed promise. However, a further testing in other watersheds was recommended. Hunink et al. (2013) applied SWAT in the Tana basin (Kenya) to evaluate sediment sources and effects of erosion control measures. They simulated the effects of various levels of conservation adoption, and applied conservation practices to fields with the highest predicted sediment loss. It was shown that sediment yields to reservoirs could be reduced by 25% by applying conservation practices to 35% of the cultivated area. et al. (2013) assessed the hydrological effects of the check dams in the Loess Plateau (China) with SWAT simulations. The results demonstrate that check dams have a regulation effect on runoff (decreasing in the rainy season and increasing in the dry season), and a retention effect on sediment loads. The paper of Piman et al. (2013) reports the findings of a modelling study on the potential hydrological impacts of water resource development scenarios in the Lower Mekong basin, with a focus on domestic and industrial water use, irrigation and hydropower. The scenario analysis highlighted the areas where further research is needed to mitigate impacts. Martinez-Martinez et al. (2014) studied the hydrological significance of wetland restoration scenarios, considering their effectiveness for controlling floods in the Shiawassee River watershed in Michigan (USA). The implementation of wetlands resulted in only negligible reductions of daily peak flow rates and frequency of peak flow events. Liersch et al. 
Impoundment and wetlands
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Bioenergy crops
A number of SWAT papers quantifying hydrological and water quality responses to bioenergy crops were published recently, three of which are briefly outlined here. Parajuli and Duffy (2013) investigated implementation of four biofuels (corn, soybean, miscanthus and switchgrass) in the Town Creek watershed (northeast Mississippi, USA) using SWAT. The study showed that corn production would produce the largest annual average sediment yield, and producing a perennial grass would provide the largest biomass stock with the least environmental impacts. Jager et al. (2014) focused on bioenergy scenarios for the Arkansas-White-Red River basin draining to the Mississippi River. It was concluded that this region has subareas that are promising for sustainable bioenergy production in terms of both economic feasibility and water quality characteristics. The study of Affuso and Duzy (2013) applied SWAT combined with a stochastic model of farm management to assess the potential impact of biofuel production (corn) in terms of nitrogen loss in northern Alabama, considering the El Niño Southern Oscillation phases. It was shown that the expansion of biofuel production would be accompanied by an associated increase in nitrogen losses.
Climate change impact
Numerous papers on climate change impact studies with SWAT have been published recently. They used different greenhouse gas emissions and climate scenarios from the global and regional climate models, directly or as the delta change. The outputs strongly depend on the applied scenarios, and here we only give a brief list of several regional studies, without describing their results (which can be found in the cited papers), first listing papers on water resources assessment, and then those on water quality assessment. Neupane et al. (2013) studied the effects of climate change on the intensification of monsoondriven stream discharge with SWAT in a watershed located in the central Himalayan region. An evaluation of the effects of climate change on hydrological conditions of the Volta River basin in West Africa was also performed with SWAT by Sood et al. (2013) . The study by Velasco and Bauwens (2013) was focused on the outflows of Lake Victoria in Africa under climate change. The potential impacts of climate change on streamflow were investigated by Chien et al. (2013) in four agricultural watersheds of the midwestern USA, primarily in Illinois. The study of Huang et al. (2014) aimed to evaluate the performance of a set of climate scenarios from the ENSEMBLES project for flood and drought projections using SWIM for five large river basins covering 90% of the German territory. The objective of the study by Aich et al. (2014) was to compare impacts of climate change on streamflow in four large African river basins: the Niger, the Upper Blue Nile, the Oubangui and the Limpopo, using SWIM driven by bias-corrected outputs of five Earth system models.
Changes in annual water yield and nitrate loading were simulated for the Upper Mississippi River basin with SWAT by Jha et al. (2013) . The paper of Shrestha et al. (2013) describes the impacts of climate change on sediment yield simulated with SWAT for the Nam Ou basin (sub-basin of the Mekong) located in northern Laos. An assessment of sensitivity of streamflow and agricultural pollutant transport to climate change was done by Ficklin et al. (2013) for two watersheds in California's Central Valley.
Land-use change impact
The impacts of land-use/land cover change are investigated by analysing current trends and potential future scenarios. A few examples are presented here. The impacts of land-use change on hydrological conditions of the Angereb watershed in Ethiopia were investigated by Getachew and Melesse (2012) . They analysed land cover changes and their effects on runoff and reservoir inflow in the period 1985-2011. During this period the cultivated and built-up areas have increased, and forest and grassland decreased, affecting the mean monthly flow, as demonstrated in the study. Baker and Miller (2013) used SWAT to assess land-use impacts on water resources in the River Njoro watershed, Kenya. Three land-use maps surveyed over a 17-year period, when the region underwent significant transitions, were used as inputs. The simulation outputs show that the land-use changes have resulted in increasing surface runoff and decreasing groundwater recharge in the region. The environmental impacts of land cover change in the Cedar River basin in the midwestern USA, where urban area, farmland and energy crop cultivation are expected to expand in future, were studied by Wu et al. (2013) . The modelling results indicate that surface runoff would increase notably, and the baseflow would substantially decrease. Schilling et al. (2014) studied the potential of changes in agricultural land use to reduce the flood risk in the Raccoon River watershed in Iowa, USA. According to the results, some land-use changes, such as conversion of cropland to perennial vegetation, could reduce the frequency of floods (the highest risk reduction corresponded to 100% conversion), but not their duration.
Combined climate and land-use change impacts
Piniewski et al. (2014) quantified the effects of future changes in climate, land use and land management on nutrient loads in a medium-scale agricultural coastal watershed in northern Poland until the 2050s. According to the results, the combined effects of climate change and intensification of agriculture would lead to an increase in nutrient loads. In the paper of Wang et al. (2014) , the separate and combined effects of land-use and climate change were investigated using SWAT for the Wolf Bay watershed in southern Alabama, USA. The combined effects would lead to a notable increase in monthly average streamflow, with an increasing trend in surface runoff and a decreasing trend in baseflow. The study of Goldstein and Tarhule (2015) evaluated using SWAT the impacts of climate change and conversion of a bulk of cultivated land to Alamo switchgrass (biofuel) in a 1061-km 2 watershed located in the US Great Plains. As climate scenarios disagreed on the direction of change in precipitation, the resulting changes in surface runoff and evapotranspiration depended on the applied scenario and were uncertain.
WATER RESOURCES ASSESSMENTS WITH SWAT: AN OVERVIEW OF THIS SPECIAL ISSUE
In this section, we provide an overview of the papers included in this Special Issue of Hydrological Sciences Journal (see the summary in Table 2 ). They are divided into the following topics: surface runoff and sediments, nonpoint-source pollution, 
Surface runoff and sediments
Soil erosion is aggravated globally, driven by anthropogenic activities, such as expansion and intensification of agriculture, deforestation and urbanization. China is among the most affected countries in the world in terms of extent, intensity and economic impacts of erosion and land degradation, but sediment load is rarely measured. Two papers in this issue investigate soil erosion in China, one in a catchment of the Three Gorges Region (Bieger et al. 2015) , and the second in a catchment located in the Poyang Lake drainage area (Schmalz et al. 2015) . The Three Gorges Region is characterized by severe soil erosion, leading to the loss of the nutrient-rich topsoil and worsening water quality of the receiving surface waters. Erosion is also a problem in the Poyang Lake basin, and one catchment, though with limited data, was chosen for the study to establish a base for further studies. These two papers add to many papers in the SWAT literature database related to the topic "sediment loss and transport in China". In general, the use of SWAT in China is growing fast. In the study of Bieger et al. (2015) , SWAT was applied to the Xiangxi catchment in the Three Gorges Region. The surface runoff and sediment yields were analysed at the HRU level. The results indicate that satisfactory model performance at the downstream gauge does not guarantee plausible results at the HRU level. Both surface runoff and sediment yields show a reasonable variation over different land-use classes and soil types, but not with slope. By modifying and recalibrating some SWAT algorithms and parameters, the plausibility of surface runoff was increased, but the effects on sediment yield were only marginal. The study suggests that a detailed analysis of model outputs at the HRU level is highly recommended. This is especially important when SWAT is used as a tool for identifying critical source areas and targeting BMPs in a watershed.
The objectives of the study by Schmalz et al. (2015) were to apply SWAT for simulating streamflow and suspended sediments at the outlet of the Changjiang catchment and its sub-basins, and to analyse the outputs taking into account land cover and land management. The modelling results show a strong seasonality, with 71% of the streamflow and 69% of the sediment yield occurring during the monsoon period (March-July). The average annual sediment yields of 50 sub-basins range from 0 to 7 t ha -1 in the period 2001-2010. The highest amounts of surface runoff and sediment yield occur on agricultural land with cabbage cultivation, whereas forested areas show much less erosion. The authors conclude that studies in data-scarce areas are particularly important for spatial allocation of areas with high erosion potential and for planning erosion control measures. The potential impacts of changing land use and climate change can be analysed in further studies using this model set-up.
Nonpoint-source pollution
Two papers in the Special Issue belong to this category, one investigating surface and groundwater pollution in a watershed in northern Spain, and a second analysing critical source areas of phosphorus pollution in a watershed located along the border of the USA and Canada.
In regions with intensive agricultural activities, both surface water and groundwater are affected by excessive nutrient levels resulting from high rates of fertilizer application and inadequate irrigation practices. The main objective of the study by Epelde et al. (2015) was to analyse surface water and groundwater pollution in the Alegria River watershed (Basque Country, northern Spain) by performing a long-term simulation (22 years), taking into consideration changes in management practices during this period. Hydrological processes, crop yield, soil nitrogen budget and nitrogen losses were simulated. Validation results were, in general, satisfactory, although there were problems in representing annual variation of crop yield. It was possible to reproduce historical dynamics of nitrate concentrations in the aquifer in this study, which is not a trivial task. The evaluation of nitrogen budgets has shown that the annual N inputs exceed the outputs, resulting in surpluses of 114 and 65 kg N ha -1 year -1
, on average, in two halfyear sub-periods. It was concluded that in the long term the trends in N surplus follow those of fertilization input, and this directly influences nitrate concentration in groundwater. The study demonstrated a slow response of nitrate concentration in the aquifer to the decrease of fertilizer doses. This paper belongs to a subset of SWAT papers presented in the SWAT literature database focused on nutrient cycling and transport.
Many efforts to reduce nonpoint-source nitrogen and phosphorus pollution by implementing conservation practices often have not led to the desired objectives (Sharpley et al. 2013) . In particular, phosphorus contribution from a catchment is often determined by two factors: areas with high soil phosphorus concentrations, and efficient localized transporting pathways (their intersection is often called "critical source areas"). The identification of phosphorus critical source areas can be helpful for reducing nonpoint phosphorus loading to rivers and waterbodies by applying targeted mitigation measures. A high-resolution SWAT model was applied by Winchell et al. (2015) to the Lake Chaplain's Missisquoi Bay watershed, located along the border between the USA and Canada. The approach builds on variable source area/saturation excess hydrology (Easton et al. 2008 ) and the critical source area concept that are core aspects of small but important subsets of literature presented in the SWAT database (see also White et al. 2009 , Collick et al. 2014 . As the region under study is characterized by saturation excess runoff, the SCS curve number values were adjusted based on the local topographic index. The modelling results have shown that a small fraction of the studied watershed (20%) generates a disproportionally large amount of the total P load (74%). After the critical source areas were identified by the model, they were tested by independent experts. The obtained map is provided online and can be used by scientists, natural resource planners and land owners. The modelling results can be used to evaluate the targeted implementation of BMPs and other effects, for example potential impacts of a changing climate.
Surface water and groundwater
The concept of safe water yield was defined as the accomplishment and maintenance of a long-term balance between the annual groundwater abstraction and the annual volume of recharge (Sophocleous 1997) . The maintenance of a safe yield requires an accurate quantification of the balance components, which can be achieved with a coupled surface water-groundwater model accounting for changes in baseflow in accordance with groundwater abstraction. In one study of this Special Issue (Chung et al. 2015) , an integrated surface water-groundwater model (SWAT coupled with MODFLOW) was used to analyse water balance components for a number of groundwater pumping scenarios in the Mihocheon watershed, South Korea. It was found that pumping 104 mm annually, an amount slightly smaller than the current legal limit, would represent the long-term safe water yield. However, potential external drivers such as climate change may influence this equilibrium, and have to be studied separately. This study of Chung et al. (2015) builds on several previous studies using both models for different research questions that can be found in the SWAT literature database (e.g. Perkins and Sophocleous 1999 , Menking et al. 2003 , Galbiati et al. 2006 , Kim et al. 2008 .
Impacts of climate and land-use change
Climate conditions and land-use patterns can be considered as two major drivers contributing to variations of the hydrological cycle. Therefore, knowledge on how the hydrological regime and water resources will be affected by climate variability and change, and by changes in land-use composition, is important for creating reliable adaptation strategies in water management. There are numerous studies on that in recent literature (see trends in Table 1 ).
Our Special Issue adds one more such study (Tan et al. 2015) , using SWAT with the aim of investigating separate and combined impacts of land-use change and climate variability in the Johor River basin, Malaysia. Trends and modelling results were analysed for the period from 1966 to 2007. The trend analysis showed that there were significant increasing trends in temperature and precipitation in this period. The land-use patterns also changed notably from 1990 to 2002. The separate and combined impacts were studied by dividing the climate datasets into two subsets representing the 1980s and 2000s, and using two land-use maps also representing these periods. It was found that the assumed climate variability imposed a stronger effect on streamflow and evaporation than the assumed changes in land use. The findings are useful for local stakeholders. The study could be extended in future by applying climate change and land-use change scenarios for the historical and future periods, and comparing them.
Three studies (Hesse et al. 2015 , Pohle et al. 2015 , Stefanova et al. 2015 used the SWIM model to evaluate the effects of climate change and other anthropogenic changes associated with future scenarios in various European catchments. Hesse et al. (2015) used the SWIM model to evaluate the effects of future climate on water and nutrient dynamics in the Vistula Lagoon catchment. The Vistula Lagoon is located in the southern part of the Baltic Sea. Only a few of the more than 20 contributing rivers are Hesse et al. (2015) for the Vistula Lagoon catchment, and in Piniewski et al. (2014) for the smaller coastal catchment of Reda, located also in northern Poland, can be explained by averaging over a larger region and over the simulation outputs driven by 15 climate scenarios in the first study. The SWIM model was also used to evaluate climate effects in the Ria de Aveiro watershed on the coast of Portugal by Stefanova et al. (2015) . This study used a very similar methodology to Hesse et al. (2015) , including 15 climate scenarios from the ENSEMBLES project, and three 30-year periods from 2010 to 2100. SWIM projected inflows to the costal lagoon decreased by 5-7% in the early to mid-21st century, and a further reduction (by 15%) in the third period approaching 2100. This trend is due to projected decreasing future precipitation and increasing temperature in the watershed. They found that the peak flows are not strongly impacted, and the reduction is due to reduced baseflow under future climate. These reduced flows are likely to have a negative effect on the Ria de Aveiro lagoon ecosystem. Pohle et al. (2015) also applied SWIM in several Central European catchments heavily influenced by lignite mining. The impact of future climate, land-use change associated with increased biofuel production, and additional groundwater usage by mining activity in the catchments of Schwarze Elster, Spree and Lusatian Neisse were evaluated. The combination of climate and land-use impact assessment with the bioenergy aspect in this paper makes it a sort of "double cutting-edge" type of study, with the bioenergy focus representing a recent trend. The SWIM model was calibrated and validated using measured river discharges. Through the inclusion of multiple future climate scenarios, SWIM projections include uncertainty bounds. The authors found that future climate would have a greater effect on natural discharge than the other anthropogenic activities studied.
Large-scale applications and regionalization of SWAT
A regionalization approach based on the principle of similarity is attractive for large-scale applications aimed at evaluating BMPs. For example, it could support the application of SWAT to analyse different management options needed for the implementation of the Water Framework Directive (EC 2000) in Europe. The calibration of such a comprehensive model as SWAT is still a challenge despite the availability of technical tools supporting calibration, such as SUFI-2 (Yang et al. 2008) . The objectives of the paper by Malagò et al. (2015) in this Special Issue were: (a) to analyse the spatial variation of calibration parameter sets in two large regions in Europe, the Scandinavian and Iberian peninsulas, and (b) to identify the most important hydrological processes in these regions. This study belongs to a subset of SWAT papers focused on regionalization of input parameters (see SWAT literature database). The results show that (i) the ranges of calibrated snow parameters are different in the two regions, (ii) the temperature and precipitation lapse rates are higher in Scandinavia than in the Iberian Peninsula, and (iii) the ranges of calibrated soil parameters are very different in the two studied regions. In addition, it was found that differences in spatial patterns of analysed parameters reflect differences in main runoff generating mechanisms in the two regions: whereas in Scandinavia snowmelt produces a bulk of surface runoff in spring, in the Iberian Peninsula runoff occurs mainly during intensive storms. In addition, the study investigated strengths and weaknesses of the step-wise calibration procedure in SWAT when applied at the pan-European scale.
SUMMARY: FURTHER DEVELOPMENT OF SWAT
SWAT development continues, and the model is widely recognized as an integrated tool for multidisciplinary studies at the regional scale in different physiographic and climatic conditions. It is now one of the most widely applied river basin-scale models worldwide. The SWAT model is currently undergoing a major revision, which is expected to be released in the summer of 2015. The internal structure of SWAT is being revised to better utilize modern FORTRAN structures, object-oriented concepts and data structures. The input file structure for SWAT is also being condensed to be more robust, computationally efficient, and easier to edit with common spreadsheet and database tools. Once the new version is released, development efforts should be shifted to this version. Existing versions of both the executable and interfaces will still be maintained and supported, but further enhancement is unlikely as available resources shift to the new versions. Central to the new code revisions is the modularization of the core data structures. In previous versions of SWAT, state variables (variables which describe the current condition of each model process that changes daily, e.g. soil water content or plant leaf area) are stored in massive arrays which are accessible to nearly every subroutine. These arrays are being condensed into more logical data storage structures (analogous to an object), in which a related group of state variables can be nested. This approach has a number of advantages, the most important of which is better definition of both processes and data into physically meaningful modules.
Modularization of the SWAT code is expected to foster enhanced development by the SWAT community. It should allow subject matter experts to modify only the module pertaining to their area of expertise without needing to fully understand the rest of the source code. Modularization has also extended to spatial objects, and the HRUs, sub-basins, aquifers and channels are separated, which allows greater flexibility in defining spatial interactions within the watershed. This should also foster sharing of data structures and files with other models.
Model input structure will change dramatically. Past versions of SWAT have used several individual files to define sub-basins, HRUs and reaches. Large models may be comprised of hundreds of thousands of very small files (<1 kilobyte), which are difficult to modify manually and computationally time-consuming to read/write. Modern computer operating systems, networks and storage devices are optimized to handle larger files. Changes to the input files involve consolidating and reorganizing these small files into far fewer, but much larger files. Changes to the input file structure also allow the use of "master database" files, which would contain, for instance, parameters of all soils in a given country or region. All SWAT applications in that country could use the same master soil file; soil definition for any HRU in the model would be by reference to the master soil file. This approach allows these master files to be shared and supported by users at a national or continental level, facilitating rapid model application. These files are similar in structure to a relational database, and provide many of the same advantages.
The restructuring of SWAT is driven in part by the needs of the US Department of Agriculture's Conservation Effect and Assessment Project (CEAP). The cropland component of CEAP currently integrates SWAT and APEX into a single modelling framework, and the inclusion of enhanced wetland, riparian and rangeland models in the project is planned. The modularization of SWAT facilitates the addition of these new models and processes. The spatial scope of CEAP is national; to date, the granularity has been rather coarse, of the order of 124 km 2 per HRU. CEAP has identified the need for localized predictions; thus, future simulations will be of the order of 3 km 2 per HRU for the USA. Modularization and restructuring of SWAT should allow these very large simulations to make better use of available computational resources. The new version of the restructured SWAT will enable new model applications for the topics outlined above with a higher flexibility.
Besides, the SWAT and SWIM models are now involved in the Inter-Sectoral Impact Model Intercomparison Project (ISI-MIP; see http://www. isi-mip.org, Warszawski et al. 2014 ). This project is aimed at establishing a long-term, systematic, crosssectoral and community-driven impact model improvement and intercomparison process, and intercomparison of climate and land-use change impacts for multiple sectors using an ensemble of climate scenarios, and applying global and regional impact modelling tools. The first paper (Vetter et al. 2015) describing a pilot study on intercomparison of impacts simulated by three hydrological models for three river basins on three continents, was published recently. This project will enable a synthesis of our current knowledge about the biophysical and socioeconomic impacts of climate change at different levels of global warming.
